Polycyclic aromatic hydrocarbons (PAHs) represent health and environmental concerns. The present study was designed to develop a highly sensitive and reliable immunochemically-based non-instrumental field assay to monitor the presence of benzo[a]pyrene (BAP) in aqueous samples at the ppt-level using visible test evaluation. The corresponding gel-based immunoassay was set up to combine preconcentration and detection of the target analyte using anti-PAH antibodies and horseradish-BAP tracer conjugate in one single cartridge. Water sample preparation, such as extraction, centrifugation, or filtering was found to be unnecessary. No interference by higher water-soluble PAHs at 4000-fold excess compared to BAP was observed. The assay was configured as a qualitative test (positive/negative) at the cut-off level of 5 ng L -1 , however, this level can be adapted to the required analyte concentration by rather simple adjustment of the anti-PAH antibody concentration of the test zone. Test validation was performed with real samples such as surface water, melted snow, and tap water using high performance liquid chromatography with fluorescent detection (HPLC-FLD) with solid phase extraction for validation.
Introduction
One of the essentials for the assessment of environmental risks caused by chemical compounds is the availability of efficient and cost-effective monitoring technologies. 1 Such methods should be applicable for the simple, fast, and inexpensive screening of large numbers of samples. During the last years, beside miniaturization and ruggedization of conventional instrumentation to permit its use in a field setting, new technologies have been developed for field monitoring purposes. 2 Using field tests enables analyses on a real-time basis. One of the more important of the new technologies have been the immunochemical-based methods, mainly the enzymelinked immunosorbent assays (ELISA). 3 They are generally based on the recognition of an analyte by a specific binding protein, the antibody, which was specifically prepared against the target molecule. Originating from clinical chemistry, this technology was adapted to solve environmental problems e.g. to monitor the presence of unacceptable levels of chemicals such as pesticides. 4, 5 In addition to monitoring, corresponding tests offer a means of determining the chemical pollutants, after the occurrence of contamination, in a time-and cost-saving manner.
Currently, ELISAs performed in a microtiter plate or test tubes are the most common techniques used for immunoassays. They are rapid and simple to perform and the instrumentation is portable for use in the field. However, with the demand on even shorter analysis time and more user-friendly field assays, other formats are being explored, e.g. membrane-based immunoassays such as flow-through assays and lateral flow tests (also called test strip or immunochromatographic test) which are suitable for the specific semi-quantitative detection of analytes. Ideally, they require only low-cost instrumentation and do not need a power supply. As a disadvantage, the sensitivity required to monitor the set limit values for environmental pollutants is often not reached predominantly and tests are prone to matrix effects. One possibility to overcome this limitation is the development of gel-based immunoassays, as could be demonstrated for the detection of ochratoxin A in different food matrices. 6, 7 Polycyclic aromatic hydrocarbons (PAHs) belong to the set of persistent organic pollutants which represent a hazard to humans and to the whole ecosystem. They are formed in all the incomplete combustion processes of organic matter and, as a consequence, they have been found in tobacco smoke, cooked food, as well as in gas and particle emissions resulting from motor vehicles, domestic heating systems and power plants. They have been detected in soil and the aquatic ecosystems and in the atmosphere, even in remote areas, in a quantity or concentration that may have harmful effects on the environment. Therefore, they are considered ubiquitious in the environment. According to different health and environmental protection organizations, several PAHs have mutagenic, carcinogenic and endocrine disrupting properties. Consequently, there is concern 1614 ANALYTICAL SCIENCES DECEMBER 2008, VOL. 24 about possible PAH exposure of adults and, above all, of newborns and foetuses.
The PAHs usually occur as complex mixtures, not as single compounds. Depending on molecular size, they are relatively non-volatile and therefore, mostly adsorbed onto particulate matter, on which they are transported. The most toxic members of this family known to-date are PAH molecules that have four to seven rings. These pollutants have a high persistence in the environment, low biogradability and high lipophilicity. Benzo[a]pyrene (BAP) is on the priority list published by the Environmental Agency (US EPA). BAP was the first PAH to be identified as a carcinogen and has therefore been studied most often. Further, it has often been used as a marker for PAH contamination in general. It can be found in different types of water samples, e.g. surface water, tap water, rain water, groundwater, and waste water. In the European Council Directive 98/83/EC concerning the quality of water intended for human consumption (drinking water directive), a limit value of 10 ng L -1 (10 ppt) was set for BAP, which is the lowest of all limit values set for individual chemical parameters in this directive. 8 Recently, we reported on the development of a gel-based immunoassay for the detection of pyrene (PYR) in water samples. 9 It has proved useful for screening this chemical in a fairly simple manner, and without any sample preparation like extraction, centrifugation or filtering. The cut-off level for PYR was estimated at 0.04 mg L -1
. Based on the results, we anticipated that both the cut-off level and the spectrum of targeted PAH compounds can be fine-tuned by careful selection of assay parameters, mainly the type and concentration of immunoreagents. Therefore, it was the aim of this study to modify the existing rapid non-instrumental immunochemical test to the analysis of BAP in different water samples. In addition, a control layer should be introduced into the gel-based column to make test evaluation even more user-friendly.
Experimental
Reagents and chemicals BAP, pyrene (PYR), anthracene (ANT), fluoranthene (FLA), naphthalene (NAPH), phenanthrene (PHE), and Tween 20 (Tween; P1379, lauric acid approximately 50%) were purchased from Sigma Chemical Co. (Bornem, Belgium). All other chemicals and solvents were of analytical grade; doubly distilled water was used throughout. 1-Benzo[a]pyrenebutyric acid (BAP-BA) was obtained from the Institute of PAH Research (Greifenberg, Germany). Phosphate-buffered saline (PBS) 0.01 M, pH 7.4, was used as assay buffer for gel-based immunoassay. Proclin 300 (5-chloro-2-methyl-4-isothiazolin-3-one and 2-methyl-4-isothiazolin-3-one) was purchased from Supelco (Bellefonte, PA) and was added to PBS as an antimicrobial preservative. PBS with 0.05% Tween was used as a wash solution. Stock solutions of PAHs (100 mg L -1 ) were prepared in acetonitrile (ACN) and diluted in ACN/water (10:90, v/v) to give standard solutions in the range of 1 -1000 ng L -1 .
Preparation of the benzo[a]pyrenebutyric acid-horseradish peroxidase conjugate
For the synthesis of BAP-BA-HRP conjugate, 34.5 mg (300 mmol) of N-hydroxysuccinimide and 61 mg (300 mmol) of dicyclohexylcarbodiimide were dissolved in 1.5 mL of dimethylformamide. Then, 0.5 mL of this solution was added dropwise under stirring to a solution of BAP-BA (34.0 mg, 100 mmol) in 500 mL of dimethylformamide. The reaction mixture was kept overnight at the room temperature (RT). The following day, a small aliquot of activated hapten (5 mL) was added to a solution of 4 mg (0.1 mmol) of horseradish peroxidase (HRP, Sigma) in 2 mL of 0.05 M carbonate buffer (pH 9.6). The molar ratio of enzyme and hapten was 1:5. The reaction mixture was kept for 1 h at RT, followed by overnight incubation at 4˚C. The resulting conjugate was purified by dialysis in distilled water (3 L) during 4 days with water changes twice per day. It was stored at a concentration of 0.2 g L -1 in 50% glycerol at 4˚C. Chemical structures of the haptens which were used for the preparation of immunogen and HRP conjugate are presented in Fig. 1 .
Immunoaffinity gel preparation
The polyclonal rabbit anti-PAH antiserum 16.89 was obtained as previously described and the IgG-fraction was isolated by ammonium sulfate precipitation. 10 The immunoaffinity gel was prepared as a mixture of anti-PAH antibody coupled Sepharose gel and uncoupled (blocked) gel (Sepharose with glycine blocked active groups), as described recently. 9 For preparation of the anti-HRP antibody coupled Sepharose gel which is needed afterwards for the control layer, 0.5 g of freezedried CNBr-activated Sepharose 4B (GE Healthcare BioSciences, Uppsala, Sweden), which gave about 1.7 mL final gel volume, was washed on a sintered glass filter using 100 mL of 1 mM HCl. Then, 70 mL of goat anti-HRP antibody (No. P 5774; protein concentration 41 mg mL -1 , Sigma) and 200 mL PBS were added and the resulting suspension was shaken for 2 h at RT. After incubation, the gel was washed with 5 mL of NaHCO3 buffer, 0.1 M, pH 8.3 containing 0.5 M NaCl, to remove excess antibodies. For blocking of active groups, five gel volumes of blocking agent (0.2 M glycine, pH 8.0) were added to the gel and mixed for 2 h at RT. Next, the gel was washed with 3 cycles of alternating pH and five gel volumes of each buffer. Each cycle consisted of a wash with 0.1 M acetate buffer, pH 4.0, containing 0.5 M NaCl followed by a wash with NaHCO3 buffer, 0.1 M, pH 8.3 containing 0.5 M NaCl.
All prepared gels were suspended in PBS (1:3, v/v) and stored at 4 -8˚C. It was shown that the anti-PAH antibody coupled Sepharose gel gave reproducible results for at least 10 months. The test layer was prepared as a mixture of anti-PAH antibody Sepharose gel and blocked gel, both diluted 1:3 with PBS. Similarly, the control layer was prepared as a mixture of anti-HRP antibody coupled Sepharose and blocked gel. 
Test column preparation
To prepare the test layer, we placed 200 mL of the corresponding gel mixture on the bottom polyethylene frit (1/4 i.d.) in an empty 1 mL Bond Elut cartridge (both supplied by Varian Belgium NV/SA (Sint-Katelijne-Waver, Belgium)) and then covered with a second frit. As a "bottom" for the control layer, a third frit was fixed into the column about 3 mm above the test layer. This air-gap was necessary to prevent diffusion of reagents and color expansion from the control layer to test layer after chromogenic substrate application. Then, 200 mL of control gel mixture was poured in and covered with the fourth frit (Fig. 2) .
Immunochemical gel-based assay
The assay was performed as follows. Ten milliliters of the PAH standard solution prepared with acetonitrile/water (10:90, v/v) or same volume of water sample were drawn into the tube through the inlet. Next, 100 mL of tracer solution (BAP-BA-HRP conjugate) at appropriate dilution was applied through the outlet means and gel layers incubated for 3 min. For removing the excess of conjugate, PBS-Tween 0.05% (10 mL) was passed through the inlet means, followed by the application of the chromogenic substrate (100 mL). After a 20-s incubation, the substrate solution was removed by passing air by plunger. Color was visually evaluated 5 min after chromogenic substrate application (100 mL; Colorburst™Blue TMB/Peroxide; ALerCHEK Inc. Portland, ME). The cut-off level was defined as those concentration which gave no color at this or higher concentrations at a fixed detection time. The gel-based columns are not reusable.
HPLC-FLD
For the HPLC-FLD determination a clean-up and preconcentration procedure was performed using Diapak C16M columns (BioChimMak, Moscow, Russia). Fifty milliliters of standard solution or an appropriate volume of water sample (1% ACN and 0.1% trifluoroacetic acid) were applied onto the column. After drying, BAP was eluted with 5 mL of acetone and 5 mL of dichloromethane. Eluates were combined, the solvent was completely evaporated and the residue was redissolved in 250 mL of ACN/water (80:20, v/v).
The Stayer HPLC system coupled to a fluorescent detector was used (Aquilon, Russia). The analytical column was a Phenomenex Luna C18, 5 mm, 150 mm ¥ 4.6 mm. The column was kept at RT. The injection volume was 25 mL. The mobile phase consisted of ACN/water (80:20, v/v). For quantification of BAP, standard solutions of 1.0, 10, 100, and 1000 ng L -1 were prepared.
Results and Discussion

Assay sensitivity
For evaluation of the assay sensitivity, columns were used which contained only the test layer. As was demonstrated in our preceding studies, the sensitivity is strongly dependent on the amount of anti-target analyte antibodies immobilized in the test gel layer. For optimization, antibody coupled gel is mixed with blocked gel at different ratios. For example, in our recent work an optimal ratio of 1 to 10 7 was found for the screening PYR in aqueous samples at a cut-off level of 40 ng L -1 . As this sensitivity is not sufficient for BAP screening, higher volumes of blocked gel were tested. In parallel, different BAP-BA-HRP tracer dilutions of 1:100, 1:250 and 1:500 were used. The dilution of 1:250 was optimal.
A series of columns was prepared containing different ratios of antibody coupled and uncoupled gels ranging from 1:10 6 to 1:10 9 . To these columns, 10 mL of BAP standard solutions at concentrations from zero to 0.5 mg L -1 prepared with ACN/water (10:90, v/v) were added. Ten percent of ACN was used to keep BAP in solution. Experiments were repeated in triplicate and cut-off levels determined as the BAP concentration which resulted in no color development over an assay time of 5 min (Table 1) . A ratio of 1:10 9 yielded a sensitivity of 5 ng L -1 which was high enough for monitoring purposes. Depending on the country, limit values for some environmental pollutants were set down to the lower ppt level. While some of the plate-based ELISA tests can reach this sensitivity, more user-friendly field assays generally fail without performing an additional analyte enrichment step. Therefore, unlike membrane based immunoassays such as flow-through assays and lateral flow tests, the gel-based immunoassay was set up to combine preconcentration and detection of the target analyte, in this case BAP, in one single cartridge.
As an advantage of the assay, the cut-off level can be adapted to the required analyte concentration by rather simple adjustment of the anti-PAH antibody concentration of the test zone. This is true first of all for higher BAP concentrations. On the contrary, a further increase in assay sensitivity i.e., to reach cut-off levels lower than 5 ng L -1 is limited by the developing color intensity required for visual evaluation. According to our findings (data not presented), a cut-off level of 2 ng L -1 may be the highest sensitivity which can be obtained. As a limiting factor, the visual evaluation of the assay may be prone to some error. Whether this problem could be overcome by application of e.g. a bench top-sized photometric reader remains to be demonstrated. 9 5
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Assay specificity
As for all immunochemical assays, the cross-reactivity with structurally related chemicals has to be tested. This is indispensable if individual PAH compounds should be analyzed because structural similarity is evident and considerable differences in aqueous solubility have to be considered as well. To evaluate possible cross-reactivity, we tested standards prepared with PAHs of good solubility in water like NAPH, FLA, PHE, ANT, and PYR at a concentration of 20 ng mL -1 in ACN/water (10:90, v/v) as described above for BAP. After application of the substrate solution, the time of the beginning of color development was recorded. Results are presented in Fig. 3 . As comparison, the BAP standard of 5 ng L -1 was analyzed. Beside PYR, which showed color development after about 3 min, other cross-reacting PAH compounds lead to colored test layer already after about 1.5 min. Interestingly, BAP at 4000-fold lower concentration exhibited color development after a much longer incubation time of about 16 min. Overall, the investigated PAH compounds did not show any interference with the detection of BAP in the outlined concentration range.
Control layer addition to the column test
To prove test validity, the implementation of an internal control zone (spot or line) into an immunochemical-based lateral flow test is a common practice. 11, 12 So far, no control zone was implemented in column-based tests reported by ourselves. To the best of our knowledge, it was also not described by other groups.
To simplify interpretation of test results, the time of color development and its maximal intensity should be similar for test layer and control layer. To optimize color intensity of the control layer, we used a 1:250 dilution of BAP-BA-HRP solution. The ratios of 1:10 3 ; 1:2 ¥ 10 3 ; 1:5 ¥ 10 3 ; 1:10 4 ; 1:10 5 of anti-HRP-coupled gel and blocked gel were tested. The appropriate intensity and time of color development were obtained with a ratio of 1:10 4 . Test and control layers were placed into the column with an air gap of about 3 mm. An example of test results obtained with different BAP standards under optimized conditions is presented in Fig. 4 . Evaluation of the assay was performed after 5 min. As can easily be seen, the color intensity of the control layer did not depend on the target analyte concentration. However, at the same time, the increase of BAP concentration led to the decrease of color intensity of the test layer. By inspection with the naked eye, the BAP concentration of 2 ng L -1 resulted in the reproducible and significant decrease in color intensity compared with a blank standard. No coloring at all of the test layer was observed at a BAP concentration of 5 ng L -1 .
Validation of the test using spiked water samples
An intra-laboratory test validation was performed with distilled water spiked with BAP at concentrations of 0, 1, 3, 4, 5, 6 and 10 ng L -1 . Performance parameters were calculated for the cut-off level at 5 ng L -1 based on data summarized in Fig. 5 , as suggested recently. 13 False negative rate (4.48%) was calculated as a ratio of the number of false negative results and total negative results ((Nfalse negative/N-) ¥ 100(%)). Similarly, false positive rate (3.12%) was calculated as a ratio of the number of false positive results and total positive results ((Nfalse positive/N+) ¥ 100(%)). Accuracy of assay ([(Npositive + Nnegative)/N] ¥ 100(%)) was 96.18%, specificity rate ((Nnegative/N-) ¥ 100(%)) was 95.52%, and sensitivity rate ((Npositive/N+) ¥ 100(%)) was 96.88%. Concluding, the rates for false positive and negative results were very low, i.e. below 5%, and accuracy was high. Accuracy and specificity rates fulfill to the requirement set by the Commission Decision 2002/657/EC 14 for a screening method, i.e., only those analytical techniques, for which it can be demonstrated in a documented traceable manner that they are validated and have a false compliant rate of <5% at the level of interest shall be used for screening purposes.
Determination of benzo[a]pyrene in water samples
For testing the gel-based assay columns with real samples, different water types were used. Tap water samples were obtained from local water works using Volga river water as the source. The random surface water samples were collected near the banks of the lake Sazanka and the river Volga. Snow from Saratov city was melted before submitted to the assay. Bottled water samples were purchased in a local market. Water samples were directly used without any filtration. Solid particles present in snow and surface water samples were retained on the top frit. Results are summarized in Table 2 .
As the main demand for a screening method is prevention of false negative results, any possible matrix effect was controlled by analysis of additional portions of sample fortified with BAP at cut-off level. No color development was observed for any of the samples, i.e., no false negative results were obtained. As outlined in Table 2 , results obtained by immunoassay and HPLC-FLD agreed very well. Independent of water type, positive and negative BAP concentrations at the defined cut-off level were identified correctly.
Conclusions
The developed gel-based assay, therefore, allows for the first time fast and on-site screening for the determination of BAP at the ppt level in aqueous samples within a few minutes and requiring no skilled personnel. No sample preparation like extraction, centrifugation or filtering was found revealed necessary. When a specially synthesized BAP-BA-HRP tracer was used, the developed assay did not show any interference by higher water-soluble PAHs like NAPH, FLA, ANT, PHE, and PYR at 4000-fold excess compared to the defined cut-off level of 5 ng L -1 BAP. The additional gel layer (control zone) which was introduced into the column shows maximum color development independent of the presence or absence of the BAP and can be used to indicate the validity of the test. We suggest that the proposed assay could be applied to non-instrumental in-situ monitoring of BAP in complex matrices such as surface water, rainfall, and ground water. Most interestingly, the assay can be used to monitor BAP in drinking water according to the European water directive. 
